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ABSTRAKT: It is well known that essential oils possess significant antimicrobial 
activity. This study was conducted to estimate the antimicrobial activity of various types of 
Biokill, a laboratory produced solution composed of several essential oils (Biokill dissolved 
in 96% ethanol; Biokill 96% further dissolved in DMSO; Biokill dissolved in 70% ethanol 
and Biokill 70% further dissolved in DMSO). The antimicrobial activity was evaluated against 
five selected fungal strains, Candida albicans ATCC 10231, Saccharomyces cerevisiae 
ATCC 9763, Aspergillus niger I.N. 1110, Aspergillus sojae CCF and Penicillium spp. FNS 
FCC 266. A variation of the microtiter plate-based antimicrobial assay was used in order to 
assess the antimicrobial activity of the solutions. By applying this assay minimal inhibitory 
concentrations (MIC) of the Biokill solutions were determined for each strain of the se-
lected test microorganisms. The results demonstrated that all variations of Biokill showed 
antimicrobial activity at concentrations lower than 2.5µg/mL. Biokill 70% further dissolved 
in DMSO showed the best antimicrobial properties against all the selected strains with 
MICs less than 1.25µg/mL. These results indicated that Biokill could find application in the 
pharmaceutical industry, in food preservation and conservation, in the prevention and treat-
ment of plants infected by certain phytopathogens, etc. 
KEY WORDS: Antimicrobial activity, Essential oils, Microtiter plate-based assay, 
Minimal Inhibitory Concentration.
INTRODUCTION
The resistance that microorganisms have recently developed to antimi-
crobial agents, mainly as a result to their widespread use, has brought a lot of 
attention to the search of new compounds with antimicrobial properties from 
various sources. In this search the development of antifungal agents has certainly 
fallen behind the development of antibacterial agents. This notion is understand-
able considering the cellular structure of fungi, which are eukaryotic organisms 
with similar metabolic pathways as their hosts, as opposed to bacteria which 
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are prokaryotic and present a number of structural and metabolic targets that 
differ from the ones employed in eukaryotes (D i xon  and Wa l sh, 1996). 
The prevalence of resistance to antifungal agents has significantly increased 
in the past decade (A r i f et al., 2011). Some of the factors that contribute to 
the spread of fungal disease are immunosuppressive therapies, the common 
use of indwelling intravenous devices and the indiscriminate use of broad-
spectrum antibiotics which eliminate or decrease the nonpathogenic bacterial 
populations that normally compete with fungi. Furthermore, unlike bacterial 
pathogens, fungal pathogens are more difficult to control (R a b a d i a et al., 
2011). The limitations of current antifungal drugs, the increased incidence of 
systemic fungal infections, the difficulties in their treatment and the rapid devel-
opment of resistance to antifungal agents have increased the research on ther-
apeutic alternatives. Since most of the antibiotics available on the market are 
of natural origin, it can be inferred that natural products might be an excellent 
source of antifungal agents, either in their basic form or as template structures 
for more effective derivatives (B a r r e t t, 2002; J a c o b and Wa l ke r, 
2005). Plants produce a high diversity of bioactive secondary metabolites, 
great number of which serves to protect themselves against microbial attacks. 
Amongst these secondary metabolites, the antifungal properties of tannins, 
terpenoids, alkaloids and flavonoids have already been reported in numerous in 
vitro studies. It is believed that most of the 100,000 known secondary metabo-
lites involved in the plant chemical defense systems seemed to have appeared 
as a response to the interactions with predators throughout the millions of 
years of co-evolution. 
Essential oils have been long recognized for their antibacterial, antifungal, 
antiviral, insecticidal and antioxidant properties (B a s s o l e and Ju l ia n i, 
2012). S a r t o r a t t o et al. (2004) concluded that the presence of various 
chemical compounds in the essential oils was crucial for their antimicrobial 
properties. In many cases the complex interaction between the different class-
es of compounds such as phenols, ketones, alcohols, terpenes, esters or hydro-
carbons can be the actual source of the antimicrobial activity of the essential oil. 
The use of combinations, either from whole essential oils or artificial mixtures 
of purified main components, is a new approach which aims to increase the 
efficacy of the essential oil by taking advantage of the synergistic and additive 
properties that these components can exhibit. Several bioactive chemical com-
pounds can affect multiple target sites and thus affect multiple biochemical 
processes in the microorganisms, producing a plethora of interactive antimi-
crobial effects. Generally, compounds with similar structures exhibit additive 
or less often synergistic effect. For example, the occurrence of additive inter-
action between Origanum vulgare L. and Thymus vulgaris has been related to 
their main bioactive phenolic compounds, carvacrol and thymol (L a m b e r t 
et al., 2001). 
Bioassays can be defined as the use of a biological system to detect prop-
erties, such as antibacterial, antifungal, anticancer, antiviral and similar, of a 
crude extract, a chromatographic fraction, a mixture or a pure compound. For 
screening natural products which are most often found in small quantities, 173
especially their purified compounds, the application of a reliable and eco-
nomically efficient in vitro assay can be a limiting factor in any viable screen-
ing. Usually, the most common methods employed in antifungal screening are: 
the disc diffusion method and the broth micro dilution method, which can both 
be time consuming and require significant quantities of the test material. The 
variation of the micro-titer plate based method that we have developed for this 
study, successfully surpassed all of the abovementioned problems and fulfilled 
all of the conditions that qualify an excellent scientific method: it is simple, 
safe, sensitive, efficient, easily reproducible, time saving and cost-effective. 
 The objective of this study was to employ our variation of the microtiter 
plate-based method in order to assess the antifungal activities of various solu-
tions of Biokill, a laboratory produced mixture of several essential oils and their 
active components against five fungal strains: Candida albicans ATCC 10231, 
Saccharomyces cerevisiae ATCC 9763, Aspergillus niger I.N. 1110, Aspergil-
lus sojae CCF and Penicillium spp. FNS FCC 266. All the ingredients that 
were a part of the composition of Biokill were previously investigated in the 
laboratory and had already been confirmed to have significant antifungal ac-
tivities. In this study, the aim was to investigate the influence of the solvent 
on the antifungal properties of the mixture and to establish the solvent that 
enables the highest antifungal activity of Biokill. For that purpose we used 
four different solutions of Biokill by using combinations of the following sol-
vents: 70% ethanol, 96% ethanol and dimethyl sulfoxide (DMSO). 
MATERIALS AND METHODS
Biokill solutions: Biokill original represents a laboratory produced mix-
ture composed of several essential oils with already investigated antifungal prop-
erties. Four variations of Biokill solutions were used in our study: Solution 1: 
100µL of Biokill original dissolved in 1ml 96% ethanol; Solution 2: 100µL of 
Solution 1 dissolved in 1mL of dimethyl sulfoxide (DMSO); Solution 3: 100µL 
of Biokill original dissolved in 1mL 70% ethanol and Solution 4: 100µL of 
Solution 3 dissolved in 1mL of dimethyl sulfoxide (DMSO).
Fungal Strains and Cultures: The test microorganisms used in this study 
included five strains of fungi: Candida albicans ATCC 10231, Saccharomyces 
cerevisiae ATCC 9763, Aspergillus niger I.N. 1110, Aspergillus sojae CCF and 
Penicillium spp. FNS FCC 266. All the fungal strains were derived from stock 
cultures, property of the Institute of Biology at the Faculty of Natural Sciences 
in Skopje, Macedonia. 
All the strains were identified according to their macroscopic and micro-
scopic morphological properties. The mediums for growth and maintenance 
of the fungal cultures were Sabouraud Dextrose Broth (SDB) and Sabouraud 
Dextrose Agar (SDA). The cultures were incubated at room temperature and 
were transferred to fresh media every 3-5 days for the yeasts and every 5-7 
days for the molds. 174
Preparation of Fungal Suspensions: For preparation of the fungal sus-
pensions, inoculum of the culture was suspended into sterile normal saline 
solution (0.90% w/v of NaCl) and the suspension was homogenized by gentle 
mixing in the hands. The turbidity of the fungal suspension was compared to 
a 0.5 McFarland standard. Inoculum of the culture or sterile normal saline 
solution was added until the fungal suspension matched the McFarland stand-
ard and the number of bacteria was 1.5x10
8CFU/ml. From this initial solution, 
two additional serial dilutions were made to acquire a working solution of 
1.5x10
6 CFU/ml.
Resazurin solution: The resazurin solution was prepared by dissolving 
270 mg of resazurin powder (Sigma-Aldrich GmbH, Germany) in 40 ml ster-
ile distilled water. The solution was mixed on a vortex mixer until the powder 
was completely dissolved and the solution was homogenous. 
Microtiter plate based assay: The antifungal activity of the Biokill solu-
tions was assessed using a modified version of the microdilution techniques 
described by Drummond and Waigh (2000). The antifungal assay was per-
formed by using a sterile 96-well plate and the Minimal Inhibitory Concentra-
tion (MIC) value was determined for estimating the antifungal activity. All 
the assays were prepared under aseptic conditions. Resazurin was used as an 
indicator of growth for the yeast assays, while the growth in the mold assays 
was inspected visually. 
The first step of the assay was adding 50 µL of sterile Sabouraud Dex-
trose Broth (SDB) into the first four and the last two rows of the 96-well plate. 
The first four rows were used for evaluation of the activity of the Biokill solu-
tions, while the last two rows served as a positive and a negative control. The 
positive control confirmed the viability of the fungal culture, while the nega-
tive control verified the sterility of the working conditions and solutions. The 
second step was adding 50 µL of the first Biokill solution to the first well of 
the first row of the plate. Using sterile pipette tips, the contents of the first 
well of the first row were mixed and 50 µL were transferred to the second 
well of the same row. Serial dilutions were carried out until all the wells con-
tained 50 µL of the solution under examination in descending concentrations. 
The procedure was repeated for the remaining Biokill solutions in the next 
three rows. Then, 5 µL of resazurin solution was added to each row, followed 
by the addition of 5 µL of fungal suspension. 
Positive control (viability control) comprised of 50 µL of SDB, 5 µL re-
sazurin (where necessary) and 5 µL of fungal suspension, while the negative 
control (sterility control) comprised of 50 µL of SDB and 5 µL of resazurin 
(where necessary). The microtiter plates were wrapped in sterile tinfoil in order 
to prevent contamination and were then incubated at room temperature for 3-5 
days for the yeast assays and 5-7 days for the mold assays. A blue colored 
solution indicated the growth inhibition in the test wells, while pale pink to 
colorless solution indicated microbial growth or absence of inhibition. The mold 
assays were inspected visually: a clear solution indicated absence of growth 175
while visual indication of mycelia indicated microbial growth or absence of 
inhibition. All the tests were performed in triplicate. 
RESULTS
Resazurin is an oxidation-reduction indicator used for the evaluation of 
cell growth. It is a blue non-fluorescent and non-toxic dye that becomes pink 
and fluorescent when reduced to resorufin by the oxidoreductase enzymes 
within viable cells. Resorufin can be further reduced to hydroresorufin which 
is colorless and nonfluorescent. The antifungal activity was assessed by the 
MIC which was defined as the lowest concentration at which substance that 
prevents change in color occurred. A microtitre plate based assay was carried 
out for each fungal strain and the results for each fungal strain are shown in 
the Tables below.
According to the results, all of the Biokill solutions exhibited a broad anti-
fungal spectrum of activity and caused inhibition on the mycelial growth of 
the fungal strains at minimal inhibitory concentrations lower than 2.5 µg/mL. 
The results showed that Solution 4 (Biokill 70% further dissolved in 
DMSO) was the best solvent to potentiate the antifungal activity of the Biokill 
mixture with MICs lower than 1.25 µg/mL. The most sensitive microorganism 
was Aspergillus sojae CCF which mycelial growth was completely inhibited 
at concentrations lower than 0.3125 µg/mL. Next in the order of sensitivity was 
Penicillium spp. FNS FCC 266 which MICs were lower than 0.625 µg/mL. 
The most resilient were the yeasts Saccharomyces cerevisiae ATCC 9763 and 
Candida albicans ATCC 10231 which showed identical results as MICs did, 
ranging from 1.25 – 2.5 µg/mL. 
Tab. 1. – MICs of the four Biokill solutions for Candida albicans ATCC 10231 
Candida 
albicans
ATCC 10231
Concentration in µL/mL
10 5 2.5 1.25 0.63 0.31 0.16 0.08 0.04 0.02 0.01 0.005
Solution 1
Solution 2
Solution 3
Solution 4
Positive control
Negative control
Table 1 shows the bioassay results for Candida albicans ATCC 10231. 
The results in this table indicate that: Solution 1 and Solution 3 in which pure 
ethanol with different concentrations was used as a solvent, inhibited the 
growth of the yeast at MIC of 2.5 µg/mL. On the other hand, Solution 2 and 176
Solution 4 where ethanol dissolved in DMSO at a ratio of 1:10 (v/v) was used 
as a solvent, showed better antifungal properties and inhibited the mycelial 
growth at MICs at 1.25 µg/mL.
Tab. 2. – MICs of the four Biokill solutions for Saccharomyces cerevisiae ATCC 9763
Saccharomyces 
cerevisiae
ATCC 9763
Concentration in µL/mL
10 5 2.5 1.25 0.63 0.31 0.16 0.08 0.04 0.02 0.01 0.005
Solution 1
Solution 2
Solution 3
Solution 4
Positive control
Negative control
Table 2 displays identical results as Table 1. Solution 1 and Solution 3 
inhibited the growth of the yeast at MIC of 2.5 µg/mL, and Solution 2 and 
Solution 4 at MICs of 1.25 µg/mL. It can be hypothesized that the same mo-
lecular mechanisms in Candida albicans ATCC 10231 and Saccharomyces 
cerevisiae ATCC 9763 are employed in the defense mechanism against the 
active ingredients in the solutions with antifungal properties. We believe this 
finding should be further studied on different strains of yeasts in order to 
dismiss coincidence and draw a correlation between the defense mechanisms 
which are active in yeasts against the biologically active compounds of es-
sential oils. 
It should also be noted that as a result of the active metabolism of yeasts 
the resazurin indicator was two times reduced from resazurin > resorufin > hy-
droresorufin which is a colorless compound as opposed to bacterial bioassay 
where the resazurin is only reduced once to resofurin which color was pink. 
Tab. 3. – MICs of the four Biokill solutions for Aspergillus niger I.N. 1110
Aspergillus 
niger
 I.N. 1110
Concentration in µL/mL
10 5 2.5 1.25 0.63 0.31 0.16 0.08 0.04 0.02 0.01 0.005
Solution 1
Solution 2
Solution 3
Solution 4
Positive control
Negative control177
Aspergillus niger I.N. 1110 proved to be more sensitive to the solution in 
comparison to Candida albicans ATCC 10231 and Saccharomyces cerevisiae 
ATCC 9763, but more resilient than the other molds studied in this research. 
All the solutions under examination showed different MICs: the MIC of Solu-
tion 1 was 0.625 µg/mL, the MIC of Solution 2 was 1.25 µg/mL, the MIC of 
Solution 3 was 0.3125 µg/mL and the MIC of Solution 4, which showed the 
best antifungal activity against Aspergillus niger I.N. 1110, was 0.156 µg/mL.
Tab. 4. – MICs of the four Biokill solutions for Aspergillus sojae CCF
Aspergillus 
sojae
CCF
Concentration in µL/mL
10 5 2.5 1.25 0.63 0.31 0.16 0.08 0.04 0.02 0.01 0.005
Solution 1
Solution 2
Solution 3
Solution 4
Positive control
Negative control
Aspergillus sojae CCF was the most sensitive microorganism to the studied 
solutions. Solution 1 and Solution 3 inhibited the mycelial growth at MICs of 
0.156 µg/mL, Solution 2 showed lower efficacy with MIC of 0.3125 µg/mL, and 
Solution 4 showed the highest inhibition rate with MIC of only 0.039 µg/mL.
Tab. 5. – MICs of the four Biokill solutions for Penicillium spp. FNS FCC 266
Penicillium
spp.
FNS FCC 266
Concentration in µL/mL
10 5 2.5 1.25 0.63 0.31 0.16 0.08 0.04 0.02 0.01 0.005
Solution 1
Solution 2
Solution 3
Solution 4
Positive control
Negative control
Penicillium spp. FNS FCC 266 was also very sensitive to the Biokill so-
lutions. Table 5 shows that Solution 1 and Solution 2 inhibited the growth of 
Penicillium spp. FNS FCC 266 at MICs of 0.3125 µg/mL, Solution 3 inhibited 
the growth at 0.078 µg/mL and Solution 4 for the third time confirmed the 
best antimicrobial properties by the lowest MIC of 0.039 µg/mL.178
From the results obtained in this study it can undoubtedly be concluded 
that the best solvent to potentiate the antifungal activity of the Biokill mixture 
is 70% ethanol further dissolved in DMSO at a ratio of 1:10 (v/v). It should be 
noted that this solution had the lowest concentration of ethanol in comparison 
with all three other solutions. Following this logic, it can be hypothesized that 
ethanol might be chemically reacting with some of the bioactive metabolites 
present in Biokill, hence lowering the concentration of the aforementioned 
ingredient and diminishing the total antifungal properties of the mixture. 
DISCUSSION
Recently, the scientific interest into biological properties of essential oils 
and natural products in general has been increased as a series of molecules 
with antimicrobial activity have been found in plants. Active research on the 
use of the biologically active secondary metabolites present in essential oils of 
plants such as phenols, flavonoids, alkaloids, terpenes, tannins and others, has 
been seen as a potential alternative to the conventionally used antifungal 
agents, and as means to control pathogenic fungi and fungal contamination. 
The response of different essential oils usually depends on the fungal species 
tested and may include ranges from resistant to various degrees of susceptibil-
ity (A m i n i et al., 2012), but the results in our study clearly showed that 
Biokill had a broad fungitoxic spectrum by inhibiting the mycelial growth of 
several very different strains of fungi. 
The antimicrobial activity of plant oils and extracts has formed the basis 
for many applications, including raw and processed food preservation, phar-
maceuticals, alternative medicine and natural therapies (G y o r g y, 2010, 
Ha m me r  et al., 1999). Some studies have concluded that combinations of 
essential oils have greater antimicrobial activity than their individual compo-
nents (M o u s a v i and R a f t o s, 2012). 
Essential oils are natural plant products containing complex mixture of 
components, thus having multiple antimicrobial properties. Different compo-
nents of essential oils can interact in order to either reduce or increase the 
antimicrobial efficacy (D e l a q u i s, 2002; B a s s o l e and J u l i a n i, 2012). 
The interaction between essential oil compounds can produce four possible types 
of effects: indifferent, additive, antagonistic, or synergistic effects (Ba s sole 
and J u l i a n i, 2012; B u r t, 2004; P e i et al., 2009). In the preparation of 
Biokill, our aim was to take advantage of the synergistic effects of the mix-
ture. The practical implications of this approach are in the use of lower con-
centrations of active compounds which are needed to yield a similar antifun-
gal reaction, primarily in order to prevent the possible cytotoxic effects of 
high concentrations of biologically active compounds, as well as to provide a 
more cost-effective solution. 
There are limited numbers of reports dealing with the molecular mecha-
nisms of action of combinations of essential oils or their purified components on 
microorganisms. First of all, the hydrophobic nature of essential oils enables 179
them to partition the lipids of the cell membrane and mitochondria, rendering 
them permeable and leading to leakage of the cell components (P r abu-
se e n iva s a n, 2006). The phenolic components present in the oils may in-
terfere with cell wall enzymes like chitin synthase, as well as with α- and 
β-glucanases of the fungus (A d a m s et al., 1996; D a S i l v a et al., 2012). 
Thymol, the major constituent of the Thymus vulgaris, in a study by Z a m -
bonelli et al. (2004) was correlated with damage to the cell as a conse-
quence of the increase in vacuolization of the cytoplasm and an accumulation 
of lipid droplets, appearance of ripples in the plasmalemma and changes in the 
mitochondria and endoplasmic reticulum of Colletotrichum lindemuthianum 
and Pythium ultimum (D a S i l v a et al., 2012). R a s o o l i et al. (2006) ob-
served severe hyphae collapsing, plasmatic membrane rupture and destruc-
tion of mitochondria in Aspergillus niger treated with essential oils of Thymus 
eriocalyx and Thymus porlock (D a S i l v a et al., 2012). 
There are some generally accepted mechanisms of interaction that produce 
synergism. These include the sequential inhibition of a common biochemical 
pathway, inhibition of protective enzymes and use of cell wall active agents to 
enhance the uptake of other antimicrobials (Sa nt ie st eba n – L op ez, 
2007). In the recent study of B a s s o l e and J u l i a n i (2012), synergism 
between carvacrol and some hydrocarbon monoterpenes (such as α-pinene, 
camphene, myrcene, α-terpinene and p-cymene) that typically show low anti-
microbial properties have been observed. The reason for this synergism was 
hypothesized to be the capability of hydrocarbons to interact with cell mem-
branes which facilitates the penetration of carvacrol into the cell.
Since our bioassay was constructed to examine the in vitro properties of the 
studied materials, further studies on the safe use of these substances should be 
conducted. Even though the results confirm that all Biokill solutions have 
significant antifungal properties in vitro, if they are to be used for medicinal 
purposes additional studies of in vivo parameters are required. In order to assess 
that, the molecular mechanisms, the stability, toxicity and efficacy of the active 
components present in Biokill need to be further studied and evaluated. 
CONCLUSION 
Relatively nontoxic natural products can exert beneficial effects through 
the additive or synergistic effects caused by combining several essential oils 
with their isolated bioactive metabolites. The main goal was to potentiate their 
efficacy by producing a mixture of chemically active compounds ready to at-
tack multiple target sites and completely destroy the cells of the pathogenic 
microorganism. In the present study, the antifungal screening of four solutions 
composed of a mixture of several essential oils and their active components 
named Biokill and 4 different solvents: Solution 1 (Biokill dissolved in 96% 
ethanol), Solution 2 (Biokill 96% further dissolved in DMSO), Solution 3 
(Biokill dissolved in 70% ethanol) and Solution 4 (Biokill 70% further dis-
solved in DMSO) were assayed in vitro according to a microtitre plate based 180
method by utilizing resazurin as an indicatior against five fungal strains: 
Candida albicans ATCC 10231, Saccharomyces cerevisiae ATCC 9763, Asper-
gillus niger I.N. 1110, Aspergillus sojae CCF and Penicillium spp. FNS FCC 
266. All of the Biokill laboratory solutions used in this research had excellent 
antifungal effects against all the selected fungal strains with MICs lower than 
2.5 µg/mL. Since Solution 4 was the best antifungal agent with MICs lower 
than 1.25 µg/mL, 70% ethanol further dissolved in DMSO at a ratio of 1:10 (v/v) 
was concluded to be the best solvent for this laboratory produced mixture. 
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Резиме
Добро је познато да есенцијална уља поседују значајну антимикробну актив-
ност. Ово истраживање је спроведено како би се проценила антимикробна актив-
ност различитих типова Биокила, лабораторијски произведени раствор сачињен 
од неколико есенцијалних уља (Биокил растворен у 96% етанол; Биокил даље 
растворен у DMSO; Биокил растворен у 70% етанол и Биокил 70% даље растворен 
у DMSO). Антимикробна активност је оцењена кроз пет одабраних гљивичних 
сојева, Candida albicans ATCC 10231, Saccharomyces cerevisiae ATCC 9763, Aspergillus 
niger I.N. 1110, Aspergillus sojae CCF и Penicillium spp. FNS FCC 266. Варијације на 
антимикробни есеј базиран на микротитарској плочи је био коришћен како би се 
оценила антимикробна активност на поменути раствор. Овим есејем је урађена 
минимална инхибиторска концентрација (MIC) на Biokill раствор за сваку врсту/
сој одабраних тест микроорганизама. Резултати су показали да све варијације на 
Биокил поседују антимикробну активност при концентрацији нижој од 2.5 µg/mL. 
Биокил 70% даље растворен у DMSO показао је најбоља антимикробна својства 
за све одабране сојеве и MIC нижа од 1.25 µg/mL. Ови резултати показу  ју да би 
Биокил могао да нађе примену у фармацеутској индустрији, у презервацији и кон-
зервацији хране, у заштити и третману биљака које су инфициране одређеним 
фитопатогенима итд.
КЉУЧНЕ РЕЧИ: антимикробна активност, есенцијална уља, микротитарска 
плоча, минимална инхибиторна концентрација